1. Introduction {#sec1-ijms-19-02802}
===============

Melatonin is a lipophilic hormone synthesized and secreted mainly in the pineal gland, acting as a neuroendocrine transducer of circadian and circannual photoperiodic \[[@B1-ijms-19-02802]\]. It is released cyclically during over a 24-h period, with a peak during the night \[[@B2-ijms-19-02802]\]. Moreover, melatonin is a potent antioxidant, with greater efficacy than vitamin C and E \[[@B3-ijms-19-02802]\]. In fact, together with its metabolites, this hormone directly removes reactive oxygen species (ROS) \[[@B4-ijms-19-02802]\], increasing the gene expression of several antioxidant enzymes, like superoxide dismutase (SOD) and glutathione (GSH), inhibiting pro-oxidative enzymes, and reducing cellular oxidative damage. Melatonin is synthesized in high concentrations in the mitochondria, constituting one of the most important factors for ROS elimination \[[@B5-ijms-19-02802]\].

In addition to having antioxidant function, melatonin plays a key role in several physiological functions, such as in the circadian rhythm \[[@B6-ijms-19-02802]\].

The circadian rhythm is present in almost all the organisms, and organizes the physiological systems in order of time, aligning them with the 24-h environmental cycles. In fact, it is involved in a series of physiological processes, such as sleep/wake \[[@B7-ijms-19-02802]\], physique temperature regulation \[[@B8-ijms-19-02802]\], and hormone secretion \[[@B9-ijms-19-02802]\]. In mammals, circadian rhythm regulation is based on a series of feedbacks between groups of genes known as "clock genes", expressed in almost all tissue types \[[@B10-ijms-19-02802]\]. Within the circadian rhythm, melatonin participates through the regulation of critical gene expressions \[[@B11-ijms-19-02802]\].

Melatonin is also synthetized in other tissues, such as placental tissue, retina, brain, bone marrow, and lymphocytes, thereby regulating local physiological processes \[[@B12-ijms-19-02802]\].

Several studies have displayed how the interruption of the circadian rhythm through night-time work, which causes exposure alteration to light, negatively affects the implantation and pregnancy success at a molecular level, triggering an increase in infertility, menstrual deregulation, and miscarriages \[[@B13-ijms-19-02802]\]. In fact, melatonin sends photoperiodic information that regulates reproductive activity, improving ovarian functions and participating in the follicular development process, including ovulation \[[@B14-ijms-19-02802]\].

Furthermore, being able to rapidly pass through the placenta, melatonin sends photoperiodic information to the fetus, supporting tissue differentiation and hormonal metabolism \[[@B15-ijms-19-02802]\].

From a clinical point of view, it must be borne in mind that endogenous levels of melatonin are reduced with increasing age; this event correlates with cellular senescence, due to the exposition of cells to ROS activity \[[@B16-ijms-19-02802]\]. Aging negatively affects female fertility by lowering oocyte quality, with the increase of aneuploidy \[[@B17-ijms-19-02802]\], and by reducing the follicle and oocyte pool \[[@B18-ijms-19-02802]\]. The main cause of ovarian aging seems to be oxidative stress \[[@B19-ijms-19-02802]\]. So, melatonin exogenous supplementation may also be useful as a treatment for women who are near the end of their reproductive age and want to become pregnant.

In general terms, reproductive disorders triggered through hormonal alterations represent one of the main causes of infertility \[[@B20-ijms-19-02802]\]; this is why many studies have been focused on understanding melatonin functions during pregnancy \[[@B21-ijms-19-02802],[@B22-ijms-19-02802]\].

2. Molecular Mechanisms of Embryo Implantation {#sec2-ijms-19-02802}
==============================================

The embryonic implantation is a key and complex process that requires correct communication between blastocyst and uterus. The establishment of uterine receptivity, preimplantation embryo development, and embryo implantation events are mainly regulated by cytokines, chemokines, growth factors, and steroid hormones. Steroid hormones, especially estrogen and progesterone (P4), play important roles in supporting endometrial preparations to establish endometrial receptivity, and allow the maternal clock to synchronize with the embryonic one \[[@B23-ijms-19-02802]\].

In fact, after ovulation, progesterone production in the ovary allows endometrial differentiation, favoring a receptivity state for the implant \[[@B24-ijms-19-02802]\]. About 24 h after fertilization, the embryo begins cell divisions from which blastomeres derive, increasing the total cell number but not the total volume, thanks to a compaction process. During this phase, the embryo is pushed by oviduct cilia towards the uterus, and the internal cells acquire a defined polarity, while the external cells remain apolar and starts to dwindle. From this differentiation process, the blastocyst is derived; it is characterized by an internal cell mass (ICM) and trophectoderm (TE). In the uterus, the blastocyst remains adherent, and for 48 h increases its dimensions. The TE cells, positioned at the external limit of the embryo, are responsible for the endometrial connection. Subsequently, TE cells secrete enzymes to penetrate the endometrium, starting syncytiotrophoblast formation. Thereafter, trophectoderm forms several embryonic structures from which the placenta will derive. With regard to the development of the fetus, ICM cells will be responsible of all embryonic and fetal tissues \[[@B25-ijms-19-02802]\].

In vivo studies in mice \[[@B26-ijms-19-02802]\] have identified a probable embryo receptivity window of about 4 days, which occurs about 7--11 days after the luteinizing hormone (LH) peak. One of the main estrogen mediators responsible for implantation seems to be leukemia inhibitory factor (LIF), an interleukin-6 family member, regulated by p53 \[[@B27-ijms-19-02802]\], that guarantees the uterine receptivity in the implant ([Figure 1](#ijms-19-02802-f001){ref-type="fig"}). Indeed, scientific studies have reported implant failure in mice when this factor was suppressed.

In molecular terms, endometrial receptivity is an accurate process involving the acquisition of adhesion ligands and receptors. Among the actors involved in this series of events is αVβ3, an integrin present and up-regulated on the apical surface of luminal endometrial cells during implantation, even if its embryonic ligand still hasn't been detected \[[@B28-ijms-19-02802]\]. Another molecule responsible for the regulation of this process is mucin (MUC1), which is present on the endometrial cell surface and is characterized by anti-adhesive properties \[[@B29-ijms-19-02802]\]. Considering the MUC1 activity relative to implantation, it is clear that a local action is needed to remove this barrier, as reported in some studies, where MUC1 down-regulation in endometrial cells was observed in the embryo paracrine action in rabbits \[[@B30-ijms-19-02802]\] ([Figure 1](#ijms-19-02802-f001){ref-type="fig"}).

The existence of conflicting mechanisms allows us to set the timing of the implantation process. Thanks to these molecular events, implantation can be divided into three finely regulated stages: apposition, adhesion, and penetration. These three phases are completed in the "implant window", a period in which the endometrium is receptive to the blastocyst \[[@B31-ijms-19-02802]\].

The pre-implantation stage, known as apposition, was observed in rodent studies \[[@B32-ijms-19-02802]\]. During apposition, TE cells are in close adherence with the endometrial epithelial wall \[[@B33-ijms-19-02802]\]. This close apposition would seem to support the correct embryonic poles orientation, which is critical for placental development \[[@B32-ijms-19-02802]\]. At the molecular level, the pre-implantation stage has been described with the identification of different adhesion molecules, such as αVβ1 integrins and the intracellular adhesion molecule (ICAM-I) \[[@B34-ijms-19-02802]\] ([Figure 1](#ijms-19-02802-f001){ref-type="fig"}).

After this phase, the trophoblast and the luminal epithelium establish a strong bond (adhesion). Embryonic adhesion would seem to be modulated by microenvironmental signals which cause up-regulation in adhesion proteins \[[@B35-ijms-19-02802]\]. Once adhesion has occurred, the blastocyst is inserted into epithelial tissue, and switches into stroma to connect to the maternal vascular system \[[@B36-ijms-19-02802]\]. During this phase, the blastocyst cells begin to activate the matrix metalloproteinase family members, which allow proteolytic digestion of the maternal stromal extracellular matrix, favoring penetration and implantation.

In recent years, the identification of the implantation and development mechanisms has allowed us to understand this process, improving also in vitro fertilization techniques. Despite this, so far only 10--15% of embryos implanted after in vitro fertilization have a positive outcome \[[@B37-ijms-19-02802]\]. To clarify these data, it is important to highlight what factors are involved. Among these, ROS overproduction is, undoubtedly, one of the main factors, being responsible for embryonic damage \[[@B38-ijms-19-02802]\] through the induction of apoptosis \[[@B39-ijms-19-02802]\].

3. Melatonin Functions on Oocyte Quality and Embryo Implantation {#sec3-ijms-19-02802}
================================================================

The role of melatonin in human reproduction has been deeply investigated through direct actions on the ovary, supporting the development of good quality oocytes and embryos. In fact, when injected in a systemic way, melatonin was found in higher concentrations in ovary tissue, confirming a targeted action. From the pineal gland, by circadian cyclical release, melatonin mediates the down-regulation of gonadotropin-releasing hormone (GnRH) in a cyclic time \[[@B40-ijms-19-02802]\], assuming a central role in the reproductive system.

Normally, melatonin levels positively correlate with follicular growth, assuming an important role in the ovulatory phase \[[@B41-ijms-19-02802]\]. Melatonin plays an important role as a regulator of several phases of ovulation, as demonstrated by the presence of melatonin binding sites in the membrane fraction of human granulosa cells (GCs), and of melatonin membrane receptors (MT1 and MT2) in granulosa (GC)/luteal cells. In this site, melatonin acts like natural guardian of primordial follicle pool. Its protective action doesn't allow phosphorylation of several important molecular factors. In their work, Jang et al. display how melatonin blocks the activation of extracellular signal-regulated kinase (ERK), protein kinase B (Akt), phosphatidylinositol (3,4,5)-trisphosphate (PIP3), glycogen synthase kinase 3 beta (GSK3β), Forkhead box O3 (FOXO3a), and phosphatase and tensin homolog (PTEN) \[[@B42-ijms-19-02802]\]. The phosphorylation block of PTEN inhibits the PI3K pathway, as well as Akt activation and its down-stream effectors (ERK, GSK3β, FOXO3a) \[[@B43-ijms-19-02802]\].

Another actor in the implantation process is the immune system. During follicle rupture, immune system cells release prostaglandins and cytokines to increase the capillary permeability. This important process leads to an elevated production of free radicals and ROS \[[@B44-ijms-19-02802]\].

High levels of melatonin were found in human pre-ovulatory follicular fluid \[[@B45-ijms-19-02802]\], reducing oxidative stress in the follicles and protecting the oocytes from damage caused by free radicals \[[@B46-ijms-19-02802]\]. Three-fold higher levels of melatonin were found in human preovulatory follicular fluid (FF) than serum levels. Moreover, melatonin concentrations were higher in the fluid of large follicles than in the fluid of small follicles in patients undergoing in vitro fertilization (IVF)-embryo transfer, confirming its fundamental role in this context. In follicular fluid, melatonin does not occur exclusively from its uptake from blood, but could be synthetized by ovarian cells, such as cumulus cells \[[@B47-ijms-19-02802]\]. In this way, melatonin functions can be improved in the ovaries, leading to local specific actions. This melatonin supplement is necessary to reduce oxidative stress in follicles triggered by inflammation-like processes.

Another important data is the mechanism of selection of the ovulatory follicle that seems to be linked with the mRNA expression encoding LH receptors in GCs. In this regard, melatonin treatment increases the mRNA expression of LH receptors in human GCs, highlighting the important role of this molecule in the female fertility. Moreover, melatonin can influence sex steroid production at different phases of ovarian follicular maturation, increasing progesterone production in preantral follicles, as demonstrated in mice by Adriaens et al. \[[@B48-ijms-19-02802]\]

Furthermore, an interesting hypothesis views melatonin as an important factor in the seasonal variability of human fertility. Indeed, for all human populations, a seasonality in birth rapports was reported \[[@B49-ijms-19-02802]\]; this variability in fertilization rates, and in the embryo quality, might depend on changes in melatonin secretion, as suggested by some studies \[[@B50-ijms-19-02802]\].

In this regard, the in vitro use of melatonin on embryo culture has been shown to cause a reduction of oxidative stress and apoptosis \[[@B51-ijms-19-02802]\]. Indeed, scientific studies have reported that melatonin is able to increase the number of blastocyst cells, increase GSH levels, and reduce oxidative stress and apoptosis \[[@B52-ijms-19-02802]\], having a protective effect on embryos.

These effects may also derive from actions on the oocyte itself: the early stages of embryogenesis are specifically subject to information contained at the oocyte level. High quality oocytes give rise to well-developed embryos. In particular, during the second meiotic division, the oocyte accumulates oxidative stress, which must be reduced to obtain a good quality embryo \[[@B53-ijms-19-02802]\].

In addition to the direct antioxidant activity, melatonin-induced functions are directly mediated by binding to melatonin membrane receptors MT1 and MT2 \[[@B54-ijms-19-02802]\]. Following stimulation, melatonin receptors activate several signaling pathways involved in embryo implantation: the MT1, MT2, p53, and LIF levels in the uterus were evaluated in order to study the direct influence of melatonin during the implantation period \[[@B55-ijms-19-02802]\]. It has been shown that the differential expression of MT1 and MT2 receptors in pregnant and non-pregnant human uteri is able to influence the cyclic rhythm of myo-endometrial contractility \[[@B41-ijms-19-02802]\].

Studies performed in a mouse culture system displayed that melatonin may be involved in metabolism to promote both the quality and the quantity of embryo development, and that it stimulates the formation of blastocysts during embryogenesis \[[@B56-ijms-19-02802]\].

In vivo studies in mice have reported the ability of melatonin treatment to increase estradiol levels (E2), favoring implantation, but reducing the uterine receptivity period \[[@B57-ijms-19-02802]\]. Similarly, treatment has improved the uterine microenvironment, promoting antioxidant enzymes expression, such as SOD, and catalase (CAT) \[[@B58-ijms-19-02802]\].

From a molecular point of view, melatonin regulates the functionality of p53 by inducing p38-dependent phosphorylation of p53 itself \[[@B59-ijms-19-02802]\]. It was then found that the p53-dependent DNA damage response activation is mediated by MT1 and MT2 in mice \[[@B60-ijms-19-02802]\]. Furthermore, recent research has also shown that MT2 is more up-regulated, highlighting its dominant role in mediating the melatonin action in reproduction. The p21 up-regulation increased p38 activation, favoring p53 phosphorylation and activation, together with its up-regulation \[[@B61-ijms-19-02802]\] ([Figure 1](#ijms-19-02802-f001){ref-type="fig"}). These results indicate that p53 might be a downstream element of MT1-MT2 activation, lastly regulating LIF expression, thereby influencing positively the embryo implantation \[[@B62-ijms-19-02802]\].

Considering that during the pre-implantation period, oxidative stress negatively influences embryo quality and pregnancy success \[[@B63-ijms-19-02802]\], these observations led to the use of melatonin as an adjuvant in in vitro embryo cultures, increasing the embryonic development and blastocyst rate in mice \[[@B64-ijms-19-02802]\].

In this regard, blastocysts treated with melatonin display a significantly higher number of ICM and TE cells, improving intracellular ROS levels \[[@B65-ijms-19-02802]\]. During in vitro culture, embryos are exposed to higher levels of oxidative stress than in vivo \[[@B66-ijms-19-02802]\]. The cause of the increased susceptibility to oxidative stress of mammalian embryos is a high concentration of lipids \[[@B67-ijms-19-02802]\]. Therefore, ROS increase causes loss of membrane integrity and alteration in functional structures \[[@B68-ijms-19-02802]\]. Melatonin improves embryo quality through increasing expression levels of antioxidant genes, reducing mitochondrial damage and apoptosis. Studies on rats confirm melatonin's ability to improve levels of catalase (CAT) and superoxide dismutase (SOD) if exposed to oxidative stress induced by sodium fluoride (NaF), counteracting ROS activity on embryos \[[@B69-ijms-19-02802]\] ([Figure 2](#ijms-19-02802-f002){ref-type="fig"}). In addition, several studies have reported that melatonin is able to regulate apoptotic processes. In particular, according to the concentration of melatonin used, either this molecule can up-regulate the anti-apoptotic gene *bcl-2* and down-regulate pro-apoptotic *bax* and *caspase-3* genes \[[@B70-ijms-19-02802]\], reducing apoptosis of embryonic cells and positively impacting mouse embryo cleavage rates (with concentrations of melatonin of 10 and 100 nM), or, in high concentrations (100 μM), can mediate pro-oxidant and pro-apoptotic actions, causing a delay in embryonic development and implantation speed ([Figure 2](#ijms-19-02802-f002){ref-type="fig"}). This last pro-oxidant activity was also reported in the study of Buyukavci et al., where the counteracting melatonin activity on leukemia cell growth is displayed \[[@B71-ijms-19-02802]\]. For this reason, the therapeutic use of melatonin is promising; however, its dosage, especially in pregnancy, requires specific attentions and considerations.

The cytoprotective capacity of melatonin at the ovarian district can delay the aging effects and age-related diseases \[[@B72-ijms-19-02802]\]. This ability of melatonin was confirmed by a recent study that has displayed how the telomere reduction was decreased with melatonin administration thanks to sirtuin 1 (SIRT1) up-regulation \[[@B73-ijms-19-02802]\]. At the molecular level, ROS influences both the telomere length, protective structures located at the 3′ end of chromosomes \[[@B74-ijms-19-02802]\], and the sirtuin activity \[[@B75-ijms-19-02802]\]. The sirtuin family plays different roles in cell differentiation, senescence, and apoptosis regulation \[[@B76-ijms-19-02802]\]. The sirtuins expressed in the ovary (SIRT1, SIRT3 and SIRT6) are markers of ovarian aging, as they are positively correlated with the follicular reserve \[[@B77-ijms-19-02802]\] ([Figure 2](#ijms-19-02802-f002){ref-type="fig"}).

Indeed, the SIRT1 activity regulates the Eukaryotic Initiation Factor 2 (eIF2) phosphorylation \[[@B78-ijms-19-02802]\], which has been found to be inactive in patients with neurodegenerative diseases, such as Parkinson's and Alzheimer's disease \[[@B79-ijms-19-02802]\].

A further confirmation of the importance of melatonin for the development of the embryo is related to its gene expression activity. In some studies, the increase of the blastocyst quality was reflected in a significant increase in pregnancy rates and observed birth rates \[[@B80-ijms-19-02802]\]. Promoting TE and ICM cells proliferation has yielded a positive effect on cleavage rates. In fact, TE cell reduction causes embryo mortality and implant failure \[[@B81-ijms-19-02802]\], while a low number of ICM cells displays a higher probability of fetal loss or damage in development \[[@B82-ijms-19-02802]\]. The success of embryonic implantation depends on the epidermal receptor expression of ErbB growth factors (ErbB1, ErbB2, ErbB3, ErbB4) in the blastocyst trophectoderm, and on their interaction with the ligands present on the receptive endometrial cells. *ErbB1* and *erbB4* are the first genes expressed on pre-implant blastocyst \[[@B83-ijms-19-02802]\]. Several studies display an increase in the gene expression of *erbB1*, *pra*, *p53,* and *mt2* in mice treated with melatonin \[[@B84-ijms-19-02802]\]. The signaling pathway begins from the heparin binding epidermal growth factor (HB-EGF), an early molecular marker, synthesized in the uterus, and adherent to blastocysts through ErbB1/4.

In vitro embryo production alters the expression of these receptors, as they are subjected to environmental stress \[[@B85-ijms-19-02802]\]. Pre-treatment with melatonin in mice subjected to In Vitro Fertilization and Embryo Transfer (IVFET) highlighted the increase of HB-EGF expression in the endometrium \[[@B86-ijms-19-02802]\], increasing the implantation probability \[[@B84-ijms-19-02802]\]. Thus, melatonin administration, reducing oxidative stress, promotes the up-regulation of this factor, favoring the implantation \[[@B87-ijms-19-02802]\].

Clinically, melatonin supplementation was added in IVF protocols, and the effects of this intervention were investigated by clinical trials, some of them randomized and controlled. Considering the proven positive effects of the supplementation of myo-inositol plus folic acid on the follicular fluid composition, and consequently on the oocyte quality, Rizzo et al. examined whether the addition of melatonin supplemented continuously from the day of GnRH administration further improved IVF outcomes. Results showed that the supplementation of melatonin is effective in ameliorating the activity of myo-inositol by improving both oocyte quality and pregnancy outcome in patients with low oocyte quality history \[[@B88-ijms-19-02802]\]. Similarly, Unfer et al. demonstrated that the treatment with myo-inositol and melatonin improves ovarian stimulation protocols and pregnancy outcomes in infertile women with poor oocyte quality \[[@B89-ijms-19-02802]\]. Furthermore, the addition of melatonin to myo-inositol and folic acid significantly improved both oocytes and embryo quality in Poly-cystic Ovary Syndrome (PCOS) women who underwent IVF procedures, thus highlighting a synergistic action between the two substances \[[@B90-ijms-19-02802]\].

Overall, both experimental and clinical studies support the positive effects of melatonin on oocyte quality and embryo implantation, and patients with subfertility or infertility may benefit form melatonin supplementation. Therefore, despite the fact that additional randomized control trials (RCTs) are necessary to recommend the use of melatonin as a first line treatment for patients with poor fertility, clinicians should consider its supplementation as a safe and effective approach to increasing the chance of a successful pregnancy.

4. Melatonin Functions on Pregnancy Outcomes {#sec4-ijms-19-02802}
============================================

The pineal gland, a site of melatonin synthesis and secretion, becomes mature after birth. Therefore, assuming the role of melatonin in pregnancy, it is evident that a strong connection exists between maternal secretion and normal fetal and embryonic development.

Melatonin treatment has been studied in different conditions and during the gestational period. Several studies have shown that melatonin administration from the first IVFET cycles, continued during pregnancy, has been associated with an improvement in pregnancy results \[[@B88-ijms-19-02802]\].

As mentioned previously, melatonin can pass all biological barriers, including the placental one \[[@B15-ijms-19-02802]\]. The passage of maternal melatonin exposes the fetus to a daily rhythm, with low concentrations during the day and high ones during the night, establishing the circadian rhythm \[[@B91-ijms-19-02802]\]. The circadian rhythm is also induced in the fetal organs \[[@B92-ijms-19-02802]\]. This is evidenced through the fetal heart frequency, which is synchronized with maternal activity (i.e., day-night), together with hormonal secretion and physique temperature rhythms \[[@B93-ijms-19-02802]\]. These rhythms are interrupted if the mothers are kept in a continuous luminous environment until the end of the gestation period.

In vivo studies, in which mice were exposed to continuous light during the second half of gestation, contributed different results. First, there was delayed intrauterine growth, and second, the clock genes and steroidogenic genes expression was down-regulated in fetal adrenal, lowering corticosterone production. In this context, the importance of melatonin is evident, considering that with a daily dose administration of this molecule to the mother, a reverse of these alterations is achieved \[[@B94-ijms-19-02802]\].

At the human fetal level, melatonin receptors are expressed in the central nervous system (CNS) and in several areas of the fetal brain \[[@B95-ijms-19-02802]\]. At the molecular level, the binding of melatonin to the MT1 receptor \[[@B96-ijms-19-02802]\] modulates the self-regulating interaction of clock genes, including *bmal-1*, *per1-3*, *cry1-2*, and *clock*, and their gene products \[[@B97-ijms-19-02802]\]. These participate in circadian rhythm generation and maintenance through transcriptional feedback circuits \[[@B98-ijms-19-02802]\]. The *clock* gene, constitutively expressed in the suprachiasmatic nucleus (SCN), and *bmal-1* gene, expressed cyclically, activates *per1-3* and *cry1-2* genes transcription. These accumulate in the nucleus, establishing complexes where, by negative feedback, they regulate *clock* and *bmal-1* genes transcription \[[@B99-ijms-19-02802]\].

Melatonin receptors are also present in human peripheral tissues, highlighting how melatonin can also perform other functions \[[@B100-ijms-19-02802]\]. Recent research shows that melatonin stimulates fetal adrenal growth \[[@B96-ijms-19-02802]\], but inhibits cortisol synthesis in adrenal gland \[[@B101-ijms-19-02802]\]. Furthermore, melatonin plays an essential role in influencing fetal gonads \[[@B102-ijms-19-02802]\] and post-natal reproductive development \[[@B103-ijms-19-02802]\]. Moreover, in the trophoblastic cells that constitute the placenta, the "clock genes" are expressed, and control the activated transcriptional feedback. The breaking of this coordinated process can compromise the protective function, with a consequent chain-reaction effect to the immune system \[[@B104-ijms-19-02802]\].

Reporting the melatonin activity on placental tissue can be very useful in understanding the importance of this molecule for the fetus. Placental tissue is characterized by a very strong relationship between its two components, cytotrophoblast and syncytiotrophoblast, and plays a key role during implantation and throughout pregnancy. Recently, several studies reported melatonin activity at local levels and its production by the cytotrophoblast \[[@B105-ijms-19-02802]\]. The role of melatonin at this level was also confirmed by the presence of melatonin membrane receptors both in the cytotrophoblast and in the syncytiotrophoblast. All these findings allowed us to formulate the hypothesis of paracrine and autocrine actions \[[@B106-ijms-19-02802]\]. It is already known that melatonin can induce or block the apoptosis (see above) in cancer cells \[[@B107-ijms-19-02802]\]. A balance between the formation of the syncytiotrophoblast from cytotrophoblasts and its degeneration via apoptosis is necessary to prevent pathologies from developing in the placenta. Melatonin, which, as pointed about above, is produced in cytotrophoblasts \[[@B105-ijms-19-02802],[@B106-ijms-19-02802]\], has a prominent regulatory effect on apoptosis. It has been repeatedly demonstrated that melatonin exhibits anti-apoptotic actions in normal cells, while being pro-apoptotic in cancerous cells \[[@B107-ijms-19-02802]\]. These dual functions are believed to be exploited by the placenta to maintain a balance between the villous cytotrophoblasts and the syncytiotrophoblast \[[@B108-ijms-19-02802]\].

Considering that melatonin receptors are present at the fetal level, there is the evidence that melatonin is involved in neurodevelopment, i.e., developing fetal sleep patterns \[[@B109-ijms-19-02802]\]. This displays how the action of melatonin on the human fetus is not limited to maintaining the circadian rhythm. In fact, during the last trimester of pregnancy, a more rapid development of the fetal brain is closely associated with Rapid Eye Movement (REM) sleep \[[@B110-ijms-19-02802]\]. Melatonin might be one of the factors that regulates both the fetal sleep cycle REM and non-REM sleep \[[@B111-ijms-19-02802]\].

The neuroprotective activity of melatonin, both in the fetal brain and in the adult, is fundamental for optimal development. This effect, and its effectiveness, have been reported in some studies on several animal models, in which the melatonin administration to the mother caused a significative reduction of fetal hypoxia, improving neurodevelopment and decreasing of brain lesions and oxidative stress in the fetus \[[@B112-ijms-19-02802]\].

Tamura et al. proposed that deficient pineal melatonin production may be casually related to the development of spontaneous abortion in cases where chromosomal anomalies and/or uterine abnormalities have been excluded. Recurrent pregnancy loss has been associated with oxidative damage and immunological imbalance; in this context, melatonin acts as a direct powerful free-radical scavenger with immunomodulatory effects. Furthermore, melatonin stimulates the secretion of progesterone, and inhibits the synthesis of prostaglandins which are potent inducers of miscarriage and preterm labor \[[@B113-ijms-19-02802]\].

An emerging concept that links environmental conditions during embryonic development with the risk of developing pathologies after birth is fetal programming. As seen previously, the expression of melatonin varies according to the several moments of fetal development, with fluctuations throughout the pregnancy. Modifications of this program, with altered serum levels, have been observed in complicated pregnancies, supporting the hypothesis of an influence on fetal development \[[@B114-ijms-19-02802]\]. These modifications could be a response to environmental conditions, and increase the risk of the development of pathologies in adulthood \[[@B115-ijms-19-02802]\]. At this regard, altered melatonin serum level seems to be related to anomalous placental development. The reason for this is unbalanced epigenetic mechanisms \[[@B116-ijms-19-02802]\] induced by an increased oxidative stress, which is in turn linked with a higher formation of ROS and free radicals. This leads to incorrec methylation, an epigenetic alteration that could induce modifications in the gene expression patterns and phenotype modifications in adulthood \[[@B117-ijms-19-02802]\].

Melatonin could regulate epigenetic mechanisms by nuclear receptors, leading to DNA bending in the oocyte \[[@B118-ijms-19-02802]\]. This hypothesis suggests that melatonin could activate antioxidant enzyme expression by epigenetic mechanisms. Among these enzymes, Nrf2 seems play a crucial role in epigenetic modifications in fetal programming \[[@B119-ijms-19-02802]\]. For this reason, correct melatonin levels during pregnancy are crucial to prevent fetal reprogramming, protecting the fetus from the risk of developing metabolic disease in adulthood

Hobson et al. have evaluated the impact of melatonin on women with severe preeclampsia; the obtained data have reported the ability of melatonin to improve maternal endothelial pro-oxidant injury, showing a very safe profile for mothers and their fetuses. Preeclampsia is a major disorder in human pregnancy, which may include potential fetal and maternal complications such as low birth weight, prematurity, and renal failure, Hemolysis, Elevated Liver enzymes, Low Platelet count (HELLP) syndrome, liver failure, and cerebral edema. The pathogenesis of preeclampsia is complex, and involves high placental oxidative stress \[[@B120-ijms-19-02802]\]. A further confirmation that low night-time melatonin levels, as recorded in pregnant women with preeclampsia, resulted significantly lower than normal pregnancies \[[@B121-ijms-19-02802]\]. So, melatonin supplementation should be considered as a potential disease-preventing agent, with the aim of extending pregnancy duration to improve clinical outcomes \[[@B120-ijms-19-02802]\].

Throughout gestation, serum melatonin concentrations in the mother display fluctuations in both physiological and pathological pregnancies \[[@B122-ijms-19-02802]\]. In particular, a significant increase in serum melatonin occurs after 24 weeks from implantation, increasing again after 32 weeks. Finally, after birth, the values return to physiological levels within two days \[[@B123-ijms-19-02802]\]. This expression variability could be explained by the important role played by melatonin as a pregnancy regulators.

Although the mechanism that determines childbirth is not yet fully understood, a seasonal and daily periodicity of human birth has been identified \[[@B124-ijms-19-02802]\]. The photoperiod would seem to be an important factor in controlling birth time. According to this logic, melatonin is the main mediator of this control, as reported \[[@B125-ijms-19-02802]\]. Several studies have displayed an increase in melatonin levels in amniotic fluid during the pre-natal period. The changes in circulating melatonin levels would appear to be a determining factor in the birth times \[[@B126-ijms-19-02802]\].

5. Conclusions {#sec5-ijms-19-02802}
==============

A large amount of research has focused on melatonin, shedding light on its mechanisms of action, and its functions. From these studies has emerged the key role of melatonin in processes of embryonic development and human reproduction.

Among the physiological activities of this molecule, one of the most important is the modulator of the circadian reproductive maternal rhythm, favoring uterine receptivity, and establishing the day/night cycle in the fetus.

Another fundamental activity of melatonin is the antioxidant function that allows the direct removal of free radicals from the oocyte and the embryo, supporting implantation and proliferation. More and more data confirm the cytoprotective effect, together with the immunomodulatory one, that would seem essential for the success of pregnancy and correct fetal development. Finally, the latest studies attest to a probable protective effect and in the direct development of the nervous system.

These results are validated by the fact that in models with alterations and/or reductions in melatonin secretion levels, efficiently desynchronizing the circadian rhythm, there is a higher probability of significant complications in pregnancy, such as abortion, pre-eclampsia, and neonatal neurological disability \[[@B127-ijms-19-02802]\]. In fact, several data show that pregnant women who are often exposed to light during the night, or who perform night work, have increased incidences of complications during pregnancy. These complications might be related to a deficiency of melatonin secretion in these individuals \[[@B113-ijms-19-02802]\].

Currently, melatonin is present as a food supplement and over-the-counter drug, with high availability, and has no acute or chronic adverse effects.

So far, several clinical studies have been performed on pregnant women: melatonin supplementation has shown no risk, but rather, has displayed positive effects. Therefore, all the obtained data confirm the important role of this molecule in supporting physiological pregnancy. In this regard, further studies would be useful to better define the posology of melatonin in order to achieve the most effective responses, both for the mother and the fetus.
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ICAM-I

Intracellular adhesion molecule

ICM

Internal cell mass

LH

Luteinizing hormone

MUC1

Mucin

NaF

Sodium fluoride

P4

Progesterone

ROS

Reactive oxygen species

SIRT

Sirtuin

SOD

Superoxide dismutase

TE

Trophectoderm

![Pre-implantation stage. Physiological secretion of melatonin allows it to interact with melatonin membrane receptors (MT1-MT2) in endometrial cells and the blastocyst. Melatonin signaling creates a positive feedback loop among *p53*, *p38,* and *p21*, activating *lif* transcription and inhibiting mucin 1 secretion. The result is a better interaction among the adhesion proteins present at the membrane level on endometrial cells and the blastocyst.](ijms-19-02802-g001){#ijms-19-02802-f001}

![Melatonin local effects on implantation. Melatonin acts on different levels of implantation capacity. The cytoprotective capacity allows us to check ovarian aging by increasing sirtuins transcription (Sirt1/3/6) that protect the 3′ end of chromosomes (telomeres) reducing the cellular senescence. ROS reduction is led by melatonin's direct action and biosynthesis of catalase and superoxide dismutase 1. Their transcription is powered through melatonin administration in ovarian cells and blastocysts. Moreover, the apoptosis regulation and a powered adhesion proteins expression by melatonin increase the rate of blastocyst implantation.](ijms-19-02802-g002){#ijms-19-02802-f002}
